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Abstract – The chromosomal control of pig populations has been widely developed in France
over the last ten years. By December 31st, 2006, 13765 individuals had been karyotyped in our
laboratory, 62% of these since 2002. Ninety percent were young purebred boars controlled be-
fore service in artiﬁcial insemination centres, and 3% were hypoproliﬁc boars. So far, 102 con-
stitutional structural chromosomal rearrangements (67 since 2002) have been described. Fifty-
six were reciprocal translocations and 8 peri- or paracentric inversions. For the ﬁrst time since
the beginning of the programme and after more than 11000 pigs had been karyotyped, one
Robertsonian translocation was identiﬁed in 2005 and two others in 2006. The estimated preva-
lence of balanced structural chromosomal rearrangements in a sample of more than 7700 young
boars controlled before service was 0.47%. Twenty-one of the 67 rearrangements described
since 2002 were identiﬁed in hypoproliﬁc boars. All were reciprocal translocations. Twelve
mosaics (XX/XY in 11 individuals, XY/XXY in one individual) were also diagnosed. Two cor-
responded to hypoproliﬁc boars, and three to intersexed animals. The results presented in this
communication would justify an intensiﬁcation of the chromosomal control of French and, on
a broader scale, European and North-American pig populations.
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1. INTRODUCTION
Numerical and/or structural chromosomal rearrangements can be responsi-
ble for various clinical disorders. Some rearrangements are acquired whereas
others are constitutional. The former generally appear late in life, and only
aﬀect one or a few cell lines. They may be involved in the development of
certain cancers [3]. In contrast, a constitutional chromosomal rearrangement is
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present from conception onwards and, except for cases of mosaïcism, aﬀects
all the cells of the organism in the same way. It can be inherited from one of the
parents, or appear de novo in the individual. In humans, by far the best known
species from a cytogenetic point of view, constitutional chromosomal rear-
rangements aﬀect 8.3%  of the newborn [13]. About half of these (4.3% )a r e
balanced structural rearrangements (neither gain nor loss of chromosomal ma-
terial, e.g. reciprocal translocations, in versions...). Such rearrangements are
responsible for congenital malformations, mental retardation and reproductive
failures.
Due to the major medical stakes, the development of human cytogenetics
was of great importance during the 20th century. Hundreds of human cyto-
genetic laboratories were created throughout the world. Animal cytogenetics
developed relatively late in comparison and much more slowly. The number
of laboratories signiﬁcantly involved in clinical cytogenetic activities in farm
animals is very limited. The number of cytogenetic investigations carried out
in cases of congenital malformations, for instance, is relatively low in livestock
species, whereas such investigations are systematic in humans. However, the
impact of some constitutional structural chromosomal rearrangements on the
reproductive function of carrier animals or of their mates has been documented
for a long time and on many occasions in several livestock species [10,22]. In
pigs, the most frequently reported chromosomal rearrangements are recipro-
cal translocations. Sixty-eight were known in 1997 [5]. Many more have been
described since then [7]. An individual heterozygote for a constitutional re-
ciprocal translocation will generally produce a high proportion of genetically
unbalanced gametes [19] leading to anearly mortality of the embryos produced
by this animal [12]. For a boar, this generally results in a considerable decrease
in the average litter size of its mates: from −10% to −100% depending on the
translocation, −40% on average [4,16,21]. Such chromosomal rearrangements
can therefore lead to major economic losses for professional organisations if
carrier animals produce a large number of litters, as is generally the case for
boars used in artiﬁcial insemination centres. In addition, 50% of the live-born
oﬀspring of a carrier animal will themselves carry the rearrangement. In the
absence of controls, some of these carrier oﬀspring may in turn be used as
reproducers resulting in widespread distribution of the rearrangement in the
population. In several countries this possibility has justiﬁed the instigation of
chromosomal control programmes, mainly in hypoproliﬁc boars (a posteriori
screening programmes [12]) and more recently in young boars intended for
large scale use in artiﬁcial insemination centres (systematic ap r i o r icontrol
programmes).Chromosomal control in pigs 585
At present, in France, almost all the chromosomal analyses in pigs are car-
ried out at just one laboratory located at the National Veterinary School of
Toulouse. The volume of activity has been growing almost exponentially over
the past 10 years (about 2000 controls per year now) and is unique in the world.
An initial survey of the activities was produced in 2002 for a national (French)
professional symposium [7]. The aim of this current paper was to present an
up to date survey of the chromosomal control programme being carried out in
France in the pig species.
2. MATERIAL AND METHODS
2.1. Animals controlled
About 90% of the requests for analyses received in our laboratory during
the 2002–2006 period (1500 to 2000 per year) concerned 6 to 10 month-old
purebred boars waiting for an approval for use in artiﬁcial insemination (AI)
centres (animals controlled before service). Most of them were intended to sire
sows in selection and/or multiplication herds. Male as well as female parental
lines were concerned. All these boars had already gone through the selection
procedures regarding their estimated breeding values and various morpholog-
ical parameters, and presented no observable defect. Eighty-eight percent of
these analyses were carried out for three major French pig breeding organisa-
tions.
At the same time (2002–2006), 20 to 70 hypoproliﬁc boars were controlled
annually. This represented 3% of the total number of analyses carried out
in the laboratory during this period. About half of these hypoproliﬁc boars
were detected at the laboratory level by making use of centralised national
databases [11,25]. The other half was directly detected by the breeding organ-
isations. This was particularly the case for selection companies in other Euro-
pean countries (The Netherlands, Belgium, Germany, Spain...)fromwhicha
growing number of analyses have been requested over the last two years.
Finally, 7% of the analyses carried out in our laboratory during the
2002–2006 period concerned animals belonging to the families of carrier indi-
viduals: parents, (half)sibs, oﬀspring...
2.2. Analytical methods
The technical procedures used to obtain the karyotypes were similar to those
employed in human cytogenetic laboratories. Standard banding protocols were586 A. Ducos et al.
used for all the analyses: systematically GTG banding, complementary RBG
banding in some cases being particularly diﬃcult to interpret (see for instance
[6] for details). The number of chromosomes in at least 10 metaphases was
determined for each individual. Whenever this number diﬀered from the ex-
pected one (2n = 38) in one or more cells, complementary counts were carried
out. At least three complete karyotypes were established for each individual.
The analyses were carried out using the Genus   software (Applied Imaging).
For some particular rearrangements, the hypotheses concerning the chromo-
somes involved and/or the location of breakpoints on the chromosomes were
veriﬁed using molecular cytogenetic techniques: chromosome painting (probes
generated using ﬂow-sorted or microdissected chromosomes [8,15,18]), ﬂuo-
rescent in situ hybridisation using probes generated from BAC clones [17].
3. RESULTS
ByDecember 31st,2006, 13765 pigshad been karyotyped inourlaboratory,
with a total of 8 548 (62%) since 2002. As shown in Figure 1, the number of
analyses carried out over the past 10 years has greatly increased. During the
2002–2006 period considered in this survey, between 1500 and 2000 pigs were
karyotyped in our laboratory each year, i.e. an average of 30 to 40 perweek.
In total, 102 original structural chromosomal rearrangements have been
identiﬁed in the pig species in our laboratory (December 31st, 2006 statis-
tics), including 67 during the 2002–2006 period (Tab. I, App. I – the complete
list of chromosomal rearrangements identiﬁed before 2002 was published ear-
lier [7]).
The number of new structural chromosomal rearrangements identiﬁed each
year during that period varied from 9 to 16. Apart from the analyses in fami-
lies of carrier animals, all the structural chromosomal rearrangements identi-
ﬁed in our laboratory (listed in App. I) were new and had not been described
previously. Fifty-six of the 67 structural rearrangements identiﬁed during the
2002–2006 period (i.e. 84%) were reciprocal translocations. Eight were peri-
or paracentric inversions. In 2005 a Robertsonian translocation was identiﬁed
in a boar for the ﬁrst time in our laboratory after more than 11 000 individuals
had been controlled. It involved chromosomes 14 and 15. Two other Robert-
sonian translocations have been identiﬁed since then. These involve chromo-
somes 14 and 17, and 13 and 17, respectively (Fig. 2).
Other new structural chromosomal rearrangements were characterised dur-
ing the 2002–2006 period. A Y-autosome translocation was identiﬁed for the
ﬁrst time in the pig species: t(Y;14)(q10;q11) – Figure 3. The young DurocChromosomal control in pigs 587
Figure 1. Evolution of the annual number of animals karyotyped in the laboratory,
and of the number of structural chromosomal rearrangements identiﬁed.
Table I. Distribution of the constitutional structural chromosomal rearrangements
identiﬁed in the laboratory during the 2002–2006period.
Reciprocal translocations Inversions Robertsonian Total
translocations
Hypoproliﬁc Routine Females Routine Females Routine
boars boars a boars a boars a
2002 4 8 1 3 16
2003 4 5 9
2004 4 4 3 1 1 13
2005 4 6 1 2 1 14
2006 5 5 2 1 2 15
Total 21 28 7 7 1 3 67
a Young boars controlled before service in artiﬁcial insemination centres.
boar carrying this rearrangement (7 months-old at the time of analysis) was
unable to produce semen. The histological analyses carried out on testicular
biopsies of this animal showed an arrest of spermatogenesis at the spermato-
cyte stage.
For the ﬁrst time, the simultaneous presence of two balanced structural
chromosomal rearrangements was identiﬁed in two individuals, in 2005. One588 A. Ducos et al.
Figure 2. GTG-banding karyotype of a gilt carrier of the 13/17 Robertsonian translo-
cation.
NB: The rearrangementwas initially identiﬁed in a boar; daughterswere producedfor
experimental purposes.
carried a pericentric inversion of chromosome 2 as well as a reciprocal translo-
cation involving chromosomes 13 and 14. The other animal carried two recip-
rocal translocations simultaneously, one involving chromosomes 6 and 8, the
other involving chromosomes 10 and 18 (App. I). This latter animal, a boar of
Pietrain breed, produced semen and the semen parameters were normal. The
conclusion of the spermogram carried out at the LNCR laboratory (Labora-
toire national de contrôle des reproducteurs) was “favourable”. Ten purebred
Meishan sows from an experimental herd belonging to INRA were repeatedly
inseminated with semen from this boar. No gestation could be obtained.
As indicated in Table I, 38 of the 67 rearrangements identiﬁed during 2002–
2006 (i.e. 57%) concerned young boars controlled before service in AI centres
(36 boars, two carrying two rearrangements simultaneously). During this pe-
riod, 7700 such boars were controlled. Thus the prevalence of balanced con-
stitutional structural chromosomal rearrangements in this sample was 0.47%
(36/7700).Chromosomal control in pigs 589
(a)
(b)
Figure 3. (a) GTG-banding karyotype of a boar carrier of the t(Y;14)(q10;q11) re-
ciprocal translocation. (b) Metaphase spread of the boar conventionally stained with
Giemsa.
Large arrow: derivative chromosome Y.
Small arrow: derivative chromosome 14.590 A. Ducos et al.
Twenty-one of the 67 structural chromosomal rearrangements were iden-
tiﬁed in hypoproliﬁc boars. All were reciprocal translocations. In most cases
(19/21), the hypoproliﬁc boars weredirectly detected bythe breeding organisa-
tions. Reproductive data were available in only three cases. The boar carrying
the t(12;14)(q13;q15) reciprocal translocation sired 57 litters with an average
size of 6.7 piglets (total number born). This was 39% lower than the average
litter size sired by the other contemporary boars in the herd. The boar carrying
the t(4;5)(p13;q21) translocation sired 74 piglets in 11 litters (6.7 piglets per
litter also). This boar was considered as hypoproliﬁc by the breeder but the
reproductive data for the other contemporary boars were not supplied. The
third boar, carrying the t(7;14)(q26;q25) translocation, sired 33 litters with
an average size of 7.7 piglets. Again, the reproductive data of the other con-
temporary boars were not given to us. One of the reciprocal translocations,
t(3;16)(q23;q22), was detected in a hypoproliﬁc boar which also generated
dozens of malformed piglets (cleft palate). The cytogenetical investigations
carried out in the oﬀspring of the boar revealed an unbalanced karyotype in all
malformed piglets (partial trisomy of chromosome 3 as well as partial mono-
somy of chromosome 16), and a balanced karyotype (normal, or carrier of the
same translocation as in the boar) in the phenotypically normal piglets. The
unbalanced karyotype of the malformed piglets was the result of an adjacent-I
segregation in the sire [9].
Eight of the 67 rearrangements (seven reciprocal translocations and one in-
version) were identiﬁed in females. Four of these females belonged to a sino-
European synthetic line in the process of creation (App. I). Systematic controls
were carried out on all reproducers in this population in which several rear-
rangements were segregating. One female was controlled because of her low
proliﬁcacy. Two others were controlled in connection with familial eradication
programmes being carried out for diﬀerent rearrangements. The fourth, which
was of Meishan breed, was controlled as part of speciﬁc experimentation man-
aged by our laboratory.
Apart from the above structural chromosomal rearrangements, other kinds
of rearrangements called “mosaics” were identiﬁed. Eleven cases of XX/XY
mosaicism were detected. The estimated proportion of XY cells in these mo-
saics ranged from 15% to 99%. Two of these 11 cases corresponded to hy-
poproliﬁc boars (reproductive data not supplied by the breeders), four were
young purebred boars controlled before service in AI centres, and three were
declared as “intersexed” by the breeders. One case of XY/XXY mosaicism
(97% of XXY cells) was also diagnosed in a French Landrace boar. Histolog-
ical analyses were carried out on bilateral testicular biopsies. They revealedChromosomal control in pigs 591
strong bilateral seminiferous hypoplasia associated with severe interstitial pro-
liferation of the Leydig cells and lack of maturation of the germinal cells.
4. DISCUSSION
The diagnostic activity developed in our laboratory, with more than 1500 an-
imals having been controlled annually since 2002 and about 14000 pigs kary-
otyped up to now, is unique in the world. Moreover, the descriptions of more
than one hundred new abnormalities have greatly contributed to the discov-
ery of chromosomal rearrangements in pigs (so far, fewer than 100 other
cases have been published worldwide). Some kinds of rearrangements have
never been reported before (Y-autosome translocation, two simultaneous struc-
tural rearrangements in the same individual). The number of analyses has in-
creased dramatically over the past ten years. Most recently, the greatest in-
crease has corresponded to requests from other European countries (mainly
The Netherlands). This demonstrates the desire of the corresponding selection
companies to implement systematic chromosomal control programmes, as al-
ready achieved by their French competitors several years ago. During 2006,
1950 pigs were karyotyped in our laboratory. This number corresponds to the
maximum capacity of the laboratory in its current conﬁguration. The future
development of chromosome control activities worldwide, clearly consistent
with requests expressed by several professional organisations, would therefore
beneﬁt from a strong involvement of other European and North American lab-
oratories.
The number of new rearrangements identiﬁed in 2002 could appear as ab-
normally important (Fig. 1). But this ﬁgure can partly be explained by the
relatively low number of rearrangements identiﬁed in 2001 and 2003. On the
contrary, the total number of analyses also strongly increased between 2001
and 2002 because of the involvement of new breeding companies in the control
programme. This resulted logically in a larger number of rearrangements iden-
tiﬁed during this year. Lastly, new populations, and more precisely male se-
lected lines (including Piétrain populations) were newly controlled from 2002
onwards. Such populations had never been subjected to large scale cytogenetic
investigations before. This could also partly explain the fact that an important
number of rearrangements were identiﬁed during this particular year.
Thirty-eight of the 67 structural chromosomal rearrangements described
were carried by young purebred boars waiting for service in AI centres and
intended for use in selection and multiplication herds. Massive diﬀusion of
these chromosomal abnormalities was avoided by culling these animals when592 A. Ducos et al.
the rearrangements had been identiﬁed. The considerable economic losses to
the breeding organisations that would have otherwise occurred would have far
exceeded the global cost of the control procedures [4,23].
The prevalence of balanced structural constitutional chromosomal rear-
rangements in pigs, based on the most recent results obtained in the laboratory,
is 0.47%. That is to say, one young boar out of two hundred is likely to carry a
structural chromosomal rearrangement. This conﬁrmed the estimate obtained
in 2002 from a much smaller sample [8]. It is also consistent with the esti-
mated value in humans at birth (0.43% [13]). However, the estimation in pigs
concerned animals that had reached the age of puberty. The estimated preva-
lence at birth would have been higher than the value of 0.47 indicated here. To
the best of our knowledge, the pig (Sus scrofa domestica L.) is the only animal
species other than Man for which an accurate estimate of the prevalence of
structural chromosomal rearrangements is available.
Since 2002, 21 chromosomal rearrangements have been identiﬁed in hy-
poproliﬁc boars. Thefact that allwerereciprocal translocations could lead usto
think that the other kinds of rearrangements (peri- and paracentric inversions,
Robertsonian translocations) have no eﬀect on reproduction. However, there
has not been enough time nor experimental work carried out on these kinds
of rearrangements in pigs to assess their eﬀects accurately (the ﬁrst inversion
in pigs was identiﬁed only 10 years ago [14]). On the contrary, the results ob-
tained in Man clearly show that an individual heterozygote for an inversion or
for a Robertsonian translocation might produce a non negligible proportion of
unbalanced gametes (0% to 37.4% depending on the inversion [1]; 3% to 60%
depending on the Robertsonian translocation [24]), even though these values
are globally lower than the estimates for reciprocal translocations (19% to 81%
depending on the translocation [2]).
The majority of hypoproliﬁc boars diagnosed as carriers of chromoso-
mal rearrangements (19/21) were detected (as hypoproliﬁc) directly and au-
tonomously by the breeding organisations. About half of the hypoproliﬁc boars
detected in this way (and subsequently controlled in our laboratory) turned out
to be carriers of chromosomal rearrangements. This ratio was much higher
than that observed in the case of centralised detection (at the laboratory level)
of boar hypoproliﬁcacy (less than 1 carrier detected out of 20 hypoproliﬁc
boars). The reasons for this diﬀerence in eﬃciency of the two approaches have
already been discussed in detail [4,5,11] and will not be recalled here. Never-
theless, such results incite us to strongly advise the breeding organisations to
systematically control any boars that they have detected as hypoproliﬁc. This
recommendation concerns purebred boars as well as terminal crossbred boars.Chromosomal control in pigs 593
Indeed, any boar carrying a structural chromosomal rearrangement (transloca-
tion, inversion) may have inherited it from one of its parents (which may be
purebred animals). When hypoproliﬁcacy of a boar is detected early on, the
probability that its parents are still alive is high. Chromosomal control of the
parents may in some cases then allow the same rearrangement to be detected
in one of them, notably the dam in which it could have more easily remained
unnoticed. This approach would reinforce the overall eﬃciency of the chromo-
somal control programme.
In conclusion, the interest and eﬃciency of the chromosomal control pro-
gramme being carried out in France is already acknowledged by most French
porcine breeding organisations, as well as other European companies. In view
of the results presented in this paper, the implementation of comparable and
complementary programmes in other European and North American countries
seems relevant. In addition, the development of such diagnostic activities will
supply scientists with unique biological material for use in fundamental cyto-
genetic studies. These could be aimed for instance at documenting the impact
of structural chromosomal rearrangements on the course and products of meio-
sis, or on the structure and dynamics of chromosome territories in various cell
types, including gametes. The development of such scientiﬁc projects in the
pig, currently considered as a model species, should permit further progress
more easily than in human cytogenetics, due to the easier access to biological
material (e.g. embryos and gametes; see for instance paper by Pinton and col-
laborators [20] comparing male and female segregation proﬁles of reciprocal
translocations). The results will also be more relevant to human cytogenetics
than those from mouse cytogenetics, due to the greater similarity of karyotype
structure between domestic pigs and humans.
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Appendix I. Exhaustive list of structural chromosomal rearrangements identiﬁed in
the laboratory during the 2002–2006period.
Rearrangement* Date Control reason** Breed*** Sex Origin of the animal
t(12,14)(q13;q15) Jan-02 1 DU M France
t(5,14)(q21;q12) Mar-02 1 DU M France
t(17,18)(q21;q11) Mar-02 2 P M France
t(5,9)(p11;p24) May-02 2 LF M France
t(3;16)(q23;q22) May-02 1 + cleft palate X M France
inv(8)(p11;q25) Jun-02 2 LW M France
t(2;8)(p11;p13) Jun-02 3 LW F France
t(7;12)(q11;p15) Jul-02 2 P M France
inv(1)(p24;q29) Sep-02 2 LF M France
t(7;9)(q15;q15) Sep-02 2 LW M France
t(17,18)(q21;q11) Sep-02 2 P M France
t(6;13)(p13;q49) Oct-02 2 LW M France
inv(2)(p11;q21) Oct-02 2 P M France
t(5;9)(q21;p13) Nov-02 2 LF M France
t(4;5)(p13;q21) Nov-02 1 X M France
t(2;8)(p11;p13) Nov-02 2 LW M France596 A. Ducos et al.
Appendix I. Continued.
Rearrangement* Date Control reason** Breed*** Sex Origin of the animal
t(12;14)(q15;q13) Jan-03 2 P M France
t(9;17) (p24;q23) Jan-03 2 X M France
t(14;16)(q13;q21) Feb-03 2 P M France
t(4;12)(q21;q13) Mar-03 research protocol X M France
t(7;9)(q11;q26) Apr-03 2 LW M France
t(13;16)(q41;q21) May-03 1 np M The Netherlands
t(1;13)(q27;q41) Jun-03 1 DU M The Netherlands
t(7;14)(q26;q25) Jul-03 1 np M The Netherlands
t(7;10)(q13;q11) Oct-03 1 np M The Netherlands
t(9;14)(p24;q15) Jan-04 2 LS M France
t(13;15)(q31;q26) Feb-04 2 P M France
inv(8)(p21;q11) Feb-04 2 P M France
t(1;11)(q11;q11) Mar-04 2 P M France
t(4;13)(p15;q41) Apr-04 1 np M The Netherlands
t(1;17)(p11;q11) May-04 1 P M The Netherlands
t(8;12)(p11;p11) May-04 1 np M The Netherlands
t(11;17)(p13;q21) May-04 3 SE F France
t(10;13)(q13;q22) Jun-04 1 LS M The Netherlands
t(5;7)(q23;p11) Oct-04 3 SE F France
t(2;9)(q13;q24) Oct-04 2 LW M France
inv(6)(p14;q12) Oct-04 3 SE F France
t(14;15)(q28;q13) Nov-04 3 SE F France
t(2;16)(q28;q21) Jan-05 2 SE M France
t(4;15)(q25;q11) Mar-05 2 LF M France
t(10;17)(q11;q21) May-05 1 np M The Netherlands
t(1;15)(q17;q22) Jun-05 1 LS M The Netherlands
t(7;14)(q15;q27) Jun-05 1 X M France
t(10;18)(p11;q24) +
t(6;8)(p15;q27) Aug-05 2 P M France
der(14;15)(q10;q10) =
rob(14;15) Aug-05 2 LF M France
t(4;16)(q25;q21) Sep-05 1 LS M The Netherlands
inv(1)(q18;q24) Oct-05 2 LW M France
inv(2)(p13;q12) +
t(13;14)(q31;q21) Oct-05 2 LS M France
t(10;11)(q16;q13) Dec-05 2 P M France
t(2;17)(p12;q14) Dec-05 3 DU F France
t(10;17)(q11;q21) Jan-06 2 LW M The Netherlands
t(3;8)(q25;p21) Jan-06 np LS M France
t(2;14)(p15;q26) Jan-06 3 X F France
inv(2)(q13;q25) Jan-06 2 DU M The Netherlands
t(Y;14)(q10;q11) Jan-06 2 DU M France
t(1;11)(q24;p13) Feb-06 1 np M Spain
t(14;15)(q28;q13) Feb-06 1 np M Germany
t(2;15)(q28;q24) Feb-06 1 np M GermanyChromosomal control in pigs 597
Appendix I. Continued.
Rearrangement* Date Control reason** Breed*** Sex Origin of the animal
t(9;11)(q14;p13) May-06 3 MS F France
t(1;7)(q17;q13) Jul-06 1 np M The Netherlands
t(2;14)(q21;q24) Jul-06 1 np M The Netherlands
der(14;17)(q10;q10) =
rob(14;17) Sep-06 2 np M The Netherlands
t(1;4)(q27;q21) Oct-06 2 P M Germany
der(13;17)(q10;q10) =
rob(13;17) Nov-06 2 LF M France
t(3;11)(q13;p11) Nov-06 2 LS M France
*: t = Reciprocal translocation; inv = inversion; rob = Robertsonian translocation.
**: 1 = Hypoproliﬁc boar; 2 = young boar controlled before service; 3 = female; np
= not indicated.
***: LW = Large White; LF = French Landrace; P = Piétrain; LS = Synthetic Line;
DU = Duroc; MS = Meishan; SE = sino European;X = crossbred;np = notindicated.